Recent bark beetle outbreaks in western North America have led to concerns regarding changes in fuel profiles and associated changes in fire behavior. Data are lacking for a range of infestation severities and time since outbreak, especially for relatively arid cover types. We surveyed fuel loads and simulated fire behavior for ponderosa pine stands of the Colorado Plateau 15-20 years after bark beetle infestation (i.e., "old-stage"). Increasing infestation severity resulted in reduced canopy bulk density, canopy base height, canopy cover, and litter loads whereas woody fuel loads were increased, especially among larger size classes. Using the Fire and Fuels Extension of the Forest Vegetation Simulator, torching index was predicted to decrease with infestation severity whereas crowning index was predicted to increase. Under modeled severe weather conditions, increasing infestation severity was predicted to shift the predominant fire type from surface fire to passive crown fire, whereas the probability of active crown fire was not significantly influenced by old-stage bark beetle-caused tree mortality. We also estimated snagfall rates of infested trees and found that the median time from infestation to snagfall was 9 -12 years, with larger trees taking longer to fall.
B
ark beetle outbreaks are known to modify fuel complexes of affected conifer ecosystems in western North America (Hicke et al. 2012 , and there have been concerns regarding possible associated changes in fire behavior. Outbreaks can modify fuels and microclimates in complex ways that vary with space and time since disturbance, and the impact on fire behavior may also be correspondingly complex (Simard et al. 2011) . Typically, not all host trees are killed during outbreaks, and, among those that are, the timing of infestation is spread out over several years (Hansen 2014) . Surface fuel loads, by size class, will vary with time. For example, litter accumulates as needles fall from killed trees 3-5 years after infestation, but most of that material will decompose just a few years later. Conversely, snagfall may be drawn out over years to decades and downed logs typically persist on the forest floor for decades (Hansen 2014) . Surviving secondary stand structure and recruited seedlings may serve as ladder fuels that promote torching as the postoutbreak stand develops (Simard et al. 2011) . These changes in bark beetle-affected stands are associated with phases of stand structure and fuel loads known as "red-stage," "gray-stage," and "old-stage" (Simard et al. 2011 , Hicke et al. 2012 .
A red-stage pine stand will contain a mix of recently-attacked trees with fallen, fading, yellow, or red-colored needles, currently attacked trees with green needles, and uninfested green-needled trees (Jenkins et al. 2008) . Large-diameter overstory trees are preferred by most Dendroctonus species (Coleoptera: Curculionidae, sf. Scolytinae), and their death results in drying of needles and woody materials as well as changes in the foliar terpenoid profile, affecting Manuscript received May 7, 2014; accepted December 4, 2014 ; published online January 8, 2015.
Affiliations: E. Matthew Hansen (matthansen@fs.fed.us) , USDA Forest Service, Rocky Mountain Research Station, Logan, UT. Morris C. Johnson (mcjohnson@fs.fed.us) , USDA Forest Service, Pacific Northwest Research Station. Barbara J. Bentz (bbentz@fs.fed.us) , USDA Forest Service, Rocky Mountain Research Station. James C. Vandygriff (jvandygriff@fs.fed.us) , USDA Forest Service, Rocky Mountain Research Station. A. Steven Munson (smunson@fs.fed.us) , USDA Forest Service, Forest Health Protection. flammability and, especially, ignitability , 2014 . Observational evidence suggests that rates of crown fire spread in red-stage stands are 2-3 times higher than in uninfested stands , although predictions using fire behavior models vary. Some model results indicate that the red stage is associated with a heightened probability of active crown fire Jenkins 2007a, Schoennagel et al. 2012) , whereas others predict that the red stage is more likely to be associated with passive fires (torching of single crowns or groups of crowns) or even surface fires, depending on wind speeds and fuel moisture levels (Klutsch et al. 2011 , Simard et al. 2011 .
Within 3-5 years, needles from infested trees fall to the ground along with fine branches, increasing surface fuel loads as canopy bulk density (CBD) is reduced (Page and Jenkins 2007b) . Crown fire hazard is thought to decrease during this gray stage because of the reduction in canopy fuels and gaps between surviving trees (Page and Jenkins 2007a , Klutsch et al. 2011 , Hicke et al. 2012 . Potential fire behavior is confounded, however, by modification of the physical environment via increased within-stand wind speeds and increased solar insolation, a result of canopy cover reductions .
After a few years to decades, the snags fall to the ground during the old stage, substantially increasing surface fuel loads of coarse woody debris (CWD) (i.e., Ն7.6 cm diameter). Meanwhile, relatively rapid decomposition of fine fuels (i.e., litter and woody fuels Ͻ0.6 cm diameter) on the forest floor combined with decreased litterfall due to the reduced live overstory may reduce surface loads of fine fuels even as snagfall proceeds (Jenkins et al. 2008 , Simard et al. 2012 , Hansen 2014 . Further modification of surface and aerial fuels may result from the beetle-caused release of the secondary stand structure (i.e., surviving over-and understory trees), recruitment of seedlings into canopy gaps, and increases in shrubs, herbs, and grasses (Hansen 2014) . Although these changes increase torching potential in the old-stage stand (Hicke et al. 2012 ), compared with that of the preoutbreak stand, the potential for increased active crown fire is offset by the discontinuity in canopy fuels (Page and Jenkins 2007a ) and reduced CBD (Jenkins et al. 2008) . This is supported by the modeling of Simard et al. (2011) for all but the highest wind speeds at which point crown fires were predicted regardless of beetle history. Modeling by Schoennagel et al. (2012) , however, indicates that ignition of CWD (1,000-hour fuels) results in increased surface fireline intensities. Combined with the increased within-stand wind speeds resulting from more open canopies, their simulations indicated an increased hazard of active crown fire despite the relatively low CBD.
The widespread use of operational fire behavior models for research purposes reflects the impracticality of conducting controlled experiments regarding wildland fire. Nevertheless, the contradictory results of fire behavior models when applied to bark beetle-infested stands point to model weaknesses for use in these applications. Fire behavior simulations of red-stage stands are particularly controversial because the operational models poorly handle the issue of reduced foliar moisture content among infested trees (Jolly et al. 2012 , Moran and Cochrane 2012 ). This confounding issue, however, has little, if any, influence in old-stage stands where most snags have fallen and associated fine fuels (foliage and small branches) are mostly decomposed.
Regardless of modeling limitations, time since the initiation of bark beetle-caused tree mortality can result in significant variability among multiple fuel profile characters that must be considered in efforts to understand bark beetle-caused impacts on potential fire behavior. The postoutbreak changes in fuel profiles outlined above have been documented in several conifer types including ponderosa (Pinus ponderosa Douglas ex Laws.) (Hoffman et al. 2012 ) and lodgepole pine (Pinus contorta Dougl. ex Loud.) (Page and Jenkins 2007b , Klutsch et al. 2009 , Simard et al. 2011 , Schoennagel et al. 2012 . For example, in a survey of Arizona ponderosa pine measured ϳ5 years postoutbreak, beetle-affected plots had significantly greater litter depth and surface woody fuel loads in all size classes than uninfested plots (Hoffman et al. 2012 ). In addition, infested lodgepole pine stands in Utah, measured ϳ20 years postoutbreak, had significantly greater surface woody fuel loads among larger size classes, especially 1,000-hour fuels, compared with uninfested stands; 1-hour fuels and litter/duff were not significantly different, presumably due to decomposition (Page and Jenkins 2007b) . Nevertheless, Hicke et al. (2012) identified a knowledge gap regarding the influence of a range of outbreak severities and time since attack on fire behavior, particularly for relatively arid types such as ponderosa pine.
We have periodically remeasured permanent plots established on the Colorado Plateau in ponderosa pine type that experienced a substantial bark beetle outbreak ca. 1992-1996 (US Department of Agriculture [USDA] Forest Service 1996). A suite of bark beetles were found in infested pines including mountain pine beetle (Dendroctonus ponderosae Hopkins), round-headed pine beetle (Dendroctonus adjunctus Blandford), western pine beetle (Dendroctonus brevicomis LeConte), larger Mexican pine beetle (Dendroctonus approximatus Dietz), red turpentine beetle (Dendroctonus valens LeConte), and pine engraver beetles (Ips pini Say; Ips knausi Swaine). These plots were installed in 1995-1996 to analyze factors that influence the transition from endemic to epidemic beetle population phases and to parameterize a stand-level, bark beetle risk rating model (Chojnacky et al. 2000) . In 2012, we remeasured these plots and added Brown's planar intercept transect sampling (Brown 1971) to the over-and understory plot data. Fuel loads of these stands with varying bark beetle intensity were characterized, and these data were used in the Fire and Fuels Extension of the Forest Vegetation Simulator (FFE-FVS) (Dixon 2002 , Reinhardt and Crookston 2003 , Rebain 2010 ) to estimate fire behavior in old-stage ponderosa pine stands. Our objectives were to characterize changes to fuel profiles 15-20 years after bark beetle-caused tree mortality and to model bark beetle-related changes in potential fire behavior of old-stage stands such as flame length, rate of spread, and crown fire hazard. In addition, the temporal nature of our data set allowed us to investigate snagfall rates for beetle-killed trees.
Methods

Tree Data and Surface Fuel Measurements
Nine hundred permanent plots were established at 45 ponderosa pine-dominated sites in southern Utah, northern Arizona, and southwestern Colorado during 1995 -1996 (Chojnacky et al. 2000 ( Figure 1 ). These sites were located in the vicinity of contemporaneous bark beetle-caused mortality using USDA Forest Service, Forest Health Protection aerial detection survey maps 1 and represented a range of bark beetle severity, from mostly uninfested to widespread beetle-caused mortality of mature pines. Two parallel transects were established at each site, 80 m apart, each with 10 contiguous 405 m 2 circular plots (11.4 m radius). This sampling scheme was intended to capture spatiotemporal variation in bark beetle-caused mortality. Standard forest metrics were taken for all standing trees Ն7.6 cm dbh including species, dbh, Keen tree class (Keen 1943) , and crown ratio. At each plot, 2-5 ponderosa pines were subsampled for age, total height, and crown base height. Year of attack was estimated for all bark beetle-infested stems, and beetle species were identified by egg gallery patterns and sizes (Chojnacky et al. 2000) . Plot centers were identified with plastic stakes or rebar, and all pines were marked with metal tags facing plot center. Stems Ͻ7.6 cm dbh were measured with a single 13.5 m 2 circular plot (2.1 m radius) centered on each 405 m 2 overstory plot. Preoutbreak stand structure was estimated by recoding recent beetle-killed trees as live (i.e., trees killed since 1991). Plots were checked for new beetle infestations and ingrowth (previously small trees attaining 7.6 cm dbh) in 1998 (all plots), 2001 (Utah and Arizona plots), 2004 (Utah plots), and 2006 -2007 . Since establishment, five sites have been logged and two others had some, but not all, plots cut (these were among the most heavily infested plots). In 2012, we resurveyed the intact plots (Appendix A). All trees Ն7.6 cm dbh were remeasured for diameter and two to five ponderosa pines at each plot were remeasured for total height and crown base height. Beetle-caused mortality subsequent to the previous visit was recorded by bark beetle species and estimated year of attack. Understory trees were again measured with a 13.5 m 2 circular plot. Fire history records for each site were obtained from geographic information system (GIS) database managers from each respective national forest and national park.
During the 2012 resurveys, we selected a subset of plots at each site for surface fuel quantification. To maximize the range of infestation severity sampled, we conducted a stratified subsample based on the infested basal area (BA) at each plot. Plots were assigned to one of three strata according to infested BA (0, 0.01-0.37, or Ͼ0.37 m 2 plot Ϫ1 ), and we randomly selected up to five plots in each stratum for line transect sampling when available. Thus, each 20-plot site had 5-15 plots sampled for surface fuels, totaling 321 of the original 900 plots. Only data from these 321 plots are used here. Surface fuels were measured with line transects, based on FIREMON protocols (Fire Effects Monitoring and Inventory System) (Lutes et al. 2006) . From each plot center, three transects extended radially 11.4 m slope distance (the overstory plot edge was 11.4 m horizontal distance), at 0, 120, and 240°azimuth. The slope was measured for each transect. One thousand-hour fuels (Ն7.6 cm diameter) were sampled for diameter and decay class along the full transect length. One hundred-hour fuels (2.5-7.6 cm diameter) were sampled at the distal 4.6 m segment of each transect, whereas 1-hour (0 -0.6 cm) and 10-hour fuels (0.6 -2.5 cm) were sampled at the distal 1.8 m segment. At the distal end of each transect, we sampled live and dead woody plant cover, live and dead herbaceous plant cover, and the forest floor using FIREMON protocols (Lutes et al. 2006) . Plot canopy cover was measured using a densitometer (GRS, Arcata, CA) at plot center and at 3.7, 7.3, and 11 .0 m from plot center on each cardinal direction. Line transect data were entered into FIREMON (version 2.1.2) to summarize surface fuel loads. Tree data from the over-and understory plots were also entered into the FIREMON database. FIREMON Analysis Tools (FMAT, version 2.10) was used to create input files for the fire simulation model FFE-FVS. Plot-level CBD and canopy base height (CBH) were calculated in FFE-FVS based on the field data. FFE-FVS, by default, uses conifers Ͼ1.8 m tall to calculate CBD and CBH. Because beetle-created canopy gaps could encourage seedling recruitment (Hansen 2014) , we modified this to include seedlings down to 0.3 m tall and included all tree species in the calculations. Compared with the default settings, this approach increased the probability that FFE-FVS would predict torching and crown fire behavior for bark beetle-infested stands.
Fire Behavior
FFE is an extension of the widely used growth and yield simulation model, FVS (Dixon 2002 , Reinhardt and Crookston 2003 , Rebain 2010 . The base FVS model can be used to simulate stand development and FFE adds fuel dynamics and potential fire behavior. We used the model to simulate fire behavior for the stand conditions measured in 2012, 15-20 years postoutbreak, but did not simulate tree growth. FFE-FVS computes a variety of fire behavior parameters including flame length, indices of crown fire hazard, and fire type (Rebain 2010) . Surface fire behavior depends on factors such as slope, fuel quantities, and environmental factors and, in FFE-FVS, is calculated using the methods of Rothermel (1972) and Albini (1976) . FFE-FVS reports surface flame length and total flame length; the latter includes any crown fire activity. Using input aerial and surface fuels, FFE-FVS computes torching index (the 6.1 m wind speed predicted to initiate a crown fire) and crowning index (the 6.1 m wind speed predicted to sustain an active crown fire) based on rules developed by Scott and Reinhardt (2001) ; lower values for these indices indicate greater crown fire hazard. Predictions of fire type are based on an algorithm comparing the user-defined wind speed with the torching and crowning indices. There are four possible fire types: surface (crowns do not burn), passive (individual trees or groups of trees torch), conditional-crown (surface fire from an adjacent stand will continue as a surface fire; crown fire from an adjacent stand will continue as a crown fire), and activecrown (fire moves through tree crowns, burning all crowns and killing all trees).
Potential fire behavior was modeled in separate FFE-FVS (FVS version 0979; version date July 15, 2013) simulations using either custom fuel models, wherein empirical fuel loads were directly used to predict fire behavior, or a dynamic approach, wherein FFE-FVS logic rules selected from a combination of 2 of 53 possible fuel models (Johnson et al. 2011) (Table 1) . Custom fuel models better represent empirical fuel loads but, unlike the 53 defined fuel models, are uncalibrated (Noonan-Wright et al. 2013). We present the results from each so that the reader may infer additional information. All simulations were based on the Utah FVS variant (Keyser and Dixon 2008) . Historic weather conditions and fuel moisture data were obtained from a remote automated weather station (RAWS), North Long Point, Utah (37.84Ј N, 109.84Ј W, 2,645 m), with observations from 1998 to 2013. This station is in ponderosa pine type and is centrally located to our sites at an elevation ϳ120 m higher than the average of our sites. The 90th percentile weather conditions (air temperature 26°C; 1-minute sustained wind gust of 32 km/hour at 6.1 m) and 10th percentile fuel moistures (2, 3, 4 , and 7%, respectively, for 1-, 10-, 100-, and 1,000-hour fuel classes) were calculated from the record (May-September each year) using FireFamily Plus (version 4.1; Bradshaw and McCormick 2000) . We chose the 90th percentile to be consistent with Klutsch et al. (2011) who used FFE-FVS to simulate fire behavior in bark beetle-infested lodgepole pine stands. All reported results are from simulations using these "severe" conditions. In FFE-FVS, midflame wind speeds are adjusted using a correction factor derived from canopy closure (Rebain 2010) and can thus account for bark beetle-caused alterations of the within-stand environment. In addition to the standard FFE-FVS output, surface rates of spread and reaction intensities were calculated for each plot.
Snagfall Rate
For the snagfall rate data, each stem killed by bark beetles during the 1990s outbreak (343 total stems among the intact sites) was tracked through the subsequent surveys to estimate the number of years to snagfall (trees killed after the initial outbreak were examined for snagfall during each resurvey but not used in this analysis). Because the survey interval ranged from 2 to 6 years at each site, we assumed that the year of snagfall was the midpoint between when the snag was last observed standing and when it was first observed on the ground. Although, for any given stem, this could result in an error as great as 3 years, these errors were assumed to average out over the data set (i.e., hypothetically, for each tree that fell the year after we surveyed, another fell the year before we surveyed).
Statistical Analyses
Generalized linear mixed models (PROC GLIMMIX; SAS Institute, Inc., Cary, NC) (Littell et al. 2006) were used to detect differences in observed fuel loads and predicted potential fire behavior as a function of bark beetle-caused pine mortality. Tree density and BA of pine mortality were grouped into four intervals by infestation year : pre-1991 : pre- , 1991 : pre- -1997 : pre- , 1998 : pre- -2004 : pre- , or 2004 : pre- -2011 . We tested infested stem counts and infested BA, from the 1991-1997 outbreak, as explanatory variables for predicting stand structure, fuel loads, and potential fire behavior. For each response variable, we report the best fitting of these two predictor variables, as judged by Akaike's Information Criterion (AIC). Covariates included infested BA and stem counts from other infestation intervals (e.g., 1998 -2004) , elevation, slope, aspect, and preoutbreak plot characteristics such as total BA, live BA, BA by species, BA by group (pines, nonpine conifers, and hardwoods), and stem density. We also included time, in years, since the last documented fire. For most sites, fire records only extend to ca. 1960 and sites without record of fire were coded as 50 years. Site within national forest/park was used as a random variable. Although the sites were not randomly selected from a population of possible locations, we needed to account for this potential source of variance yet we were not interested in its effects. Denominator degrees of freedom were specified as the Table 1 . Fuel models most commonly picked by FFE-FVS logic rules using a dynamic approach and their proportional frequency relative to the total number of plots. The total number of plots is 321. Fuel models 1 and 2 are weighted differently. Model 1 has a weighting of Ͼ50%, and model 2 has a weighting of Ͻ50% (actual weightings are different for each plot). See Scott and Burgan (2005) for fuel model descriptions (e.g., SB2 is a slash-blowdown fuel type model).
Kenward-Roger type. We specified a log-normal model a posteriori based on residual diagnostics. Model residuals were tested for spatial dependence using Moran's I test (spdep package, R statistical software, R Project for Statistical Computing; Bivand 2002); we did not detect evidence of spatial dependence and the results of those tests are not shown. For the categorical fire type data, we used a multinomial logistic regression model (PROC LOGISTIC, generalized logit link function; SAS Institute, Inc.). In these models, one level of the response variable is chosen as a reference, and comparisons are made among other response levels by covariable parameter estimates and their associated test statistics. Because these models do not allow random effects, we included plot latitude and longitude and their second-order terms and interactions as covariates in lieu of site within forest.
Results
Plot and Fuelbed Characteristics
Total BA (all species, live and dead), live ponderosa pine BA, CBD, and canopy cover were significantly and inversely related to the density of stems infested 1991-1997 ( Figure 3 ; see Appendix B for model results and parameter estimates). Because plots with greater preoutbreak BA tended to incur greater beetle-caused mortality (Garza 2015) , postoutbreak ponderosa pine BA was similar among infested and uninfested plots (Figure 4 ). Ponderosa pine quadratic mean diameter (QMD) and CBH were significantly and inversely related to BA infested 1991-1997. The densities of live trees (Ն7.6 cm dbh) and seedlings (trees Ͻ1.5 m tall) were significantly and positively related to the density of stems infested 1991-1997. The densities of saplings (trees Ն1.5 m tall but Ͻ7.6 cm dbh) and snags were not significantly related to density or BA of stems infested 1991-1997 (results not shown). Snag density, however, was significantly and positively related to the density of stems infested 2005-2011 (F 1, 138.7 ϭ4.94, P ϭ 0.0279). No other bark beetle-related covariates were significant for any of these response variables.
Surface Fuel Loads
Litter depth ( Figure 5 ) and litter loads (Table 2) were significantly and inversely related to the density of stems infested 1991-1997 (see Appendix B for model results and parameter estimates), whereas duff loads were not correlated with any beetle-related variable (density of stems infested 1991-1997: F 1, 305.5 ϭ1.27, P ϭ 0.2609). Assuming 250 infested stems ha Ϫ1 , the models predict that infested plots had ϳ25% less litter depth and mass than uninfested plots ( Figure 5 ; Table 2 ). All diameter classes of woody fuels were significantly and positively related to the density of stems infested (1991 ( -1997 ( ) or BA infested (1991 ( -1997 with increasingly greater differences among the larger size classes (Table 2 ). Combined 1-, 10-, and 100-hour fuel classes, which are used in the surface fire behavior models along with forest floor loads, were also significantly and positively related to the density of stems infested 1991-1997 ( Figure 5 ). None of the other beetle-related covariates were significant in any model except pre-1991 infested stem density, which was inversely correlated with 1-hour fuel loads.
Potential Fire Behavior
Ponderosa pine BA infested during the 1990s outbreak was marginally significant as a predictor variable, with a positive relationship, for surface flame length using custom fuel models (F 1, 306.4 ϭ 3.37, P ϭ 0.0672); beetle-related variables were not significant in models using data from dynamically selected fuel models (ponderosa pine BA infested in 1991-1997: F 1, 315.7 ϭ 2.53, P ϭ 0.1129) ( Figure 6 ; see Appendix C for model results and parameter estimates). Total flame length was significantly and inversely related to the density of stems infested 1991-1997 using either custom or dynamically selected fuel models; the density of stems infested 2005-2011 was a significant covariate, also with an inverse relationship.
Torching index was significantly and inversely related to BA infested 1991-1997, concomitant with decreasing canopy base height, using simulations based on either custom or dynamically selected fuel models (i.e., higher hazard of torching with increasing infestation severity). Crowning index, in contrast, was significantly and positively related to the density of stems infested 1991-1997 for both fuel models (i.e., lower crown fire hazard with increasing infestation severity). Surface fire rate of spread was significantly and positively related to BA infested 1991-1997 using simulations based on either custom or dynamically selected fuel models. The density of stems infested 1991-1997 was marginally significant as a predictor of reaction intensity, with an inverse relationship, for simulations using dynamically selected fuel models but was not significant using custom fuel model simulations (custom: F 1, 306.9 ϭ 2.20, P ϭ 0.1393; dynamic: F 1, 310.1 ϭ 3.84, P ϭ 0.0509). Smoke potential (i.e., emissions of PM2.5, particulates with known human health consequences) was significantly and positively related to BA infested 1991-1997 using either custom or dynamically selected fuel models (custom: F 1, 306.2 ϭ 18.79, P Ͻ 0.0001; dynamic: F 1, 305.1 ϭ 21.25, P Ͻ 0.0001; relationship not graphically shown).
Fire type was significantly related to BA infested 1991-1997 using either custom or dynamically selected fuel models (custom: Wald 2 ϭ 10.74, df ϭ 3, P ϭ 0.0132; dynamic: Wald 2 ϭ 13.49, df ϭ 3, P ϭ 0.0037). In both cases, the probability of passive fire increased, whereas the probability of surface fire decreased as a function of increasing infestation severity, a reflection of the decreasing canopy base heights (Figure 7 ). Parameter estimates for conditional crown and active crown fires were not significant, indicating that their probabilities are not influenced by infestation for the "severe" weather and fuel moisture conditions used in the simulations (model results not shown).
Significant Covariates
For most fuel load type/size classes, significant covariates commonly included preoutbreak total BA, live BA, and ponderosa pine BA; the correlations generally were positive. Time since the last fire was significant and positively correlated to most fuel load type/size classes (none of these were stand-replacing fires). Regarding potential fire behavior, common significant covariates included preoutbreak live BA, total stem density (Ն7.6 cm dbh), and sapling density, generally with positive relationships (except for crown fire hazard indices for which higher values indicate lower hazard). Again, time since the last fire was significant and positively correlated with more severe fire behavior (e.g., greater flame lengths and reaction intensity plus reduced torching and crowning indices).
Snagfall Rates
About 8% of 343 infested stems fell within 5 years of infestation, including three that were estimated to fall 2.5 years after infestation (Figure 8 ). About 5% of the beetle-killed stems were still standing during the 2012 surveys; these were infested 17-20 years earlier.
Larger diameter trees tended to fall later than smaller trees. For infested stems Ͻ50 cm dbh, the 50th percentile stem fell 9.5-10 years postinfestation, whereas the 50th percentile stem Ͼ50 cm dbh fell about 12 years postinfestation. Most of the snags still standing during the 2012 surveys were Ͼ50 cm dbh.
Discussion Stand Structure and Fuel Loads
Bark beetle infestations modified stand structure and surface fuels in old-stage ponderosa pine plots (i.e., 15-20 years postinfestation) consistent with previous descriptions. Dendroctonus spp. generally infest larger diameter trees, reducing BA and QMD (Hansen 2014), and this effect was observed among our plots (Figure 3) . Interestingly, live tree density (stems Ն7.6 cm dbh) was increased as a function of infestation severity, suggesting that ingrowth (stems Ͻ7.6 cm dbh in the original surveys that exceeded that threshold in later surveys) more than replaced the density of the infested trees. Seedling density also increased as a function of infestation severity, a result of recruitment into canopy gaps. The lowered CBHs as a function of infestation severity reflect seedling recruitment as well as the growth of advance regeneration released by the bark beetlecaused deaths of canopy trees and suggest increased torching hazard. The infestation-related decreases in CBD and canopy cover reflect the loss of high-volume crowns associated with host size classes preferred by bark beetles. These responses in CBH and CBD are aligned with expectations based on previous observations in lodgepole pine (Jenkins et al. 2008 , Hicke et al. 2012 ) and suggest reduced crown fire hazard in old-stage stands. Because the median interval from bark beetle infestation to snagfall was ϳ10 years, snag density in 2012 was not related to stems or BA killed between 1991 and 1997. Snag density was related to infestation severity, however, during the 6-year interval before the 2012 measurements.
Surface fuels in the old-stage plots were also modified. Litter depth and litter loads were reduced as a function of infestation severity ( Figure 5 ; Table 2 ). This was expected because, although there may be a pulse of litterfall in the immediate aftermath of an infestation (Ͻ5 years) (Page and Jenkins 2007b , Simard et al. 2011 , Hoffman et al. 2012 , this material typically decomposes quickly (Simard et al. 2012 , Hansen 2014 . Moreover, ongoing litterfall is reduced in old-stage stands because of a reduction in live crown volume, and recovery may take decades (Hansen 2014 postoutbreak. In contrast, litter loads in Utah lodgepole pine stands measured ϳ20 years postoutbreak were not significantly different from those in uninfested stands (Page and Jenkins 2007b) , possibly due to accelerated growth of residual trees and resulting litterfall (Hansen 2014) . Although litter loads were reduced as a function of infestation severity in our old-stage plots, loads of all size classes of woody fuels increased with infestation severity, with greater differences among increasing material size classes. Assuming 250 infested stems ha
Ϫ1
and median values for covariates, our generalized linear mixed models predict that loads of 1-, 10-, 100-, and 1,000-hour fuels will be increased by 54, 62, 224, and 407%, respectively, compared with those for uninfested stands (using the equations in Appendix B and covariate values in Appendix D; Table 2 ). These results are comparable to those from other investigators although direct comparisons among studies are confounded by differences in preoutbreak stand conditions, infestation severity, host species, and climate. Page and Jenkins (2007a) , for example, found significant differences among larger fuel classes in old-stage (ϳ20 years postoutbreak) lodgepole pine with increases of 124, 112, and 679%, respectively for 10-, 100-, and 1,000-hour fuels, and Simard et al. (2011) found that 1,000-hour fuel loads tripled by 35 years postoutbreak compared with those in red-stage stands, although 1-and 10-hour fuels decreased by that time. The only published ponderosa pine data are from gray-stage (5 years postoutbreak) stands (Hoffman et al. 2012) , and comparisons to our results are further confounded in that those stands were infested by Ips spp., which attack smaller diameter trees that are subsequently prone to relatively rapid snagfall. Nevertheless, beetle-infested stands had significantly greater surface woody fuel loads among all size classes, especially 1,000-hour fuels (Hoffman et al. 2012) .
Increases in 1,000-hour fuels in old-stage stands have consequences beyond changes in potential fire behavior. Although there are ecological benefits to CWD, these fuels may cause substantial soil heating during fires (Brown et al. 2003) . Moreover, decayed wood is a receptive bed for spot fires, and CWD creates challenges in accessing remote fires as well as increased difficulty in constructing and holding firelines (Page et al. 2013) . Firefighter safety may also be compromised by weakened snags, reduced availability of escape routes, and the need for larger safety zones.
Another important factor regarding the impact of bark beetles on fuels is the spatiotemporal variability in beetle-caused mortality. Notably, the density of beetle-killed trees decreases as a function of increasing spatial scales (Hansen 2014) . For example, Klenner and Arsenault (2009) measured ponderosa pine stands in British Columbia with mortality rates as high as 95% among stems Ͼ30 cm dbh yet only ϳ1% of three forest districts were classified as having Ͼ50% mortality. This pattern is captured in data from our plots purposely located in the vicinity of beetle activity. For example, the two most heavily infested sites averaged 133 and 178 infested trees ha Ϫ1 but with considerable plot-to-plot variance, ranging from 25 to 790 infested trees ha Ϫ1 in one site and from 74 to 494 infested trees ha Ϫ1 in the other (both sites were salvage logged after the 1995-1996 surveys and were not included in our 2012 analyses). That is, the influence of bark beetle-caused tree mortality greatly varies even within a stand. Therefore, we expect beetle-influenced fuel loads and fire behavior to vary even at the substand scale for the ponderosa pine type we surveyed. 
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Simulated Fire Behavior FFE-FVS-simulated fire behavior in old-stage stands as a function of infestation severity generally follows expectations, given the above observed changes in fuel profiles. Surface flame length was increased (custom fuel models) or not affected (dynamically selected fuel models) by increasing infestation severity (Figure 6 ). Although combined 1-, 10-, and 100-hour fuel classes increased with infestation severity, this was offset by decreased litter loads ( Figure 5) , and litter is a primary carrier of fire among many fuel models (Scott and Burgan 2005) . Total flame length had an inverse relationship with infestation severity using either fuel model selection method. This reflects the reduced crown fire hazard as a function of diminished CBD with the beetle-caused loss of live overstory trees.
The FFE-FVS simulations indicated that torching index was reduced (i.e., increased crown fire hazard) as infestation severity increased due to lower canopy base heights in the old-stage plots where overstory pines were removed and saplings and seedlings increased. Similar model prediction was found in old-stage Greater Yellowstone Area lodgepole pine where increased saplings created ladder fuels, allowing some stands to experience torching in the absence of wind (Simard et al. 2011 ). This phenomenon is less likely, however, among our ponderosa pine sites because recruitment was less dense compared with that of old-stage lodgepole pine stands. That is, our infested plots averaged Ͻ100 ponderosa pine saplings per ha compared with 1,000 -4,000 lodgepole pine saplings per ha among old-stage stands elsewhere in the Rocky Mountains (Simard et al. 2011 , Hansen 2014 . Crowning index was predicted to increase with increasing infestation severity, concomitant with decreasing canopy bulk density. Rate of spread was also predicted to increase as a function of infestation severity. With increasing infestation severity, the simulations predicted increasing probability of passive fire in old-stage stands commensurate with declining probability of surface fire ( Figure 7 ). These old-stage changes in fire behavior are generally in alignment with the predictions for lodgepole pine outlined by Page and Jenkins (2007b) , Jenkins et al. (2008) , Simard et al. (2011) , and Hicke et al. (2012) . Modeling by Page and Jenkins (2007b) indicated that rate of spread was mostly affected by the increased midflame wind speeds, due to loss of canopy sheltering. Associated drying of surface fuels had a minimal effect on rate of spread, and changes in surface fuel loads did not modify rate of spread. We did not examine FFE-FVS behavior to gauge the relative importance of midflame wind speeds and fuel loads on rates of spread.
The fire behavior parameter from our study that contrasts results from other studies is reaction intensity, a measure of the energy released by combustion per unit area per unit time. Our FFE-FVS results, using dynamically selected but not custom fuel models (Figure 6 ), indicate declining heat release with increasing infestation severity, apparently driven more by declining litter loads than increasing woody fuel loads. Modeling by Page and Jenkins (2007b) and Schoennagel et al. (2012) , however, found significantly greater fireline intensities 2 among old-stage lodgepole pine stands than among uninfested stands. The reason for this difference is that FFE-FVS does not include 1,000-hour fuels (the most substantially modified fuel class among old-stage stands) in its algorithms (Rebain 2010) . Page and Jenkins (2007b) and Schoennagel et al. (2012) , however, explicitly included these fuels by using a hybrid of BehavePlus and the First Order Fire Effects Model; the latter is intended for prediction of secondary fire effects such as tree mortality, fuel consumption, and soil heating (Lutes 2013 ). Page and Jenkins' (2007b) simulations indicated that fires in old-stage stands released twice the heat of uninfested stands, which reduced torching indices in the former. Nevertheless, active crown fire hazard was reduced (i.e., increased crowning index) in old-stage stands because of reduced CBD and enlarged canopy gaps. Schoennagel et al.'s (2012) modeling, wherein the litter depth of old-stage stands did not significantly differ from those of uninfested stands, indicated that increased 1,000-hour fuels in old-stage stands will increase fireline intensity to such a magnitude that active crown fire hazard also increased despite the reduction in CBD. Consider, however, that fuel moisture in 1,000-hour fuels (by definition, slow to change) will substantially affect the contribution of these fuels to fire severity (Jenkins et al. 2008 ).
The issue of 1,000-hour fuel exclusion is not unique to FFE-FVS. All of the most commonly used US operational fire behavior models (e.g., BehavePlus, NEXUS, FFE-FVS, FlamMap, FSim, FETM, and FARSITE) are based on the surface fire behavior and crown fire initiation models of Rothermel (1972) and Van Wagner (1977) that do not include 1,000-hour fuels in their parameter calculations , Schoennagel et al. 2012 ). Depending on fire duration, these fuels are thought to increase the potential for crown fire initiation (i.e., torching), contribute to fire severity, increase smoke production, and affect soil heating (Brown et al. 2003 , Jenkins et al. 2008 , Hoffman et al. 2013 ). In our opinion, however, the alternative modeling methods of Page and Jenkins (2007b) and Schoennagel et al. (2012) are unconventional and difficult to replicate. Moreover, it is uncertain to what degree, if any, such approaches may improve simulations. For example, assuming that litter loads drive a surface fire and that these fine fuels are relatively reduced among old-stage stands (Table 2; Figure 5 ), the duration of the flaming front may be insufficient to ignite the larger surface fuels, depending on fuel moistures. Even if ignited, beetlecaused loads of 1,000-hour fuels will probably contribute to localized, intense fire behavior but not necessarily active crown fire (Page et al. 2013) .
In addition to the modeling problems associated with foliar moisture content of red-stage stands, predictions for bark beetle-impacted stands of all stages are limited by assumptions of the Rothermel (1972) rate-of-spread equation as well as the crown fire transition and propagation equations of Van Wagner (1977) and Scott and Reinhardt (2001) . These equations are the basis of all fire simulation models, including FFE-FVS and BehavePlus, and predictions from these models will be limited by the assumptions of the underlying equations, which are dubious even under ideal conditions (Cruz and Alexander 2010) . These assumptions may be further stretched when applied to stands, beetle-affected or otherwise, which are spatially and temporally variable with respect to surviving, killed, and recruited trees , Hoffman et al. 2013 . Spatial heterogeneity of aerial fuels (i.e., trees), however, may decrease active and passive crown fire propagation, which suggests that operational model results may be conservative when applied to beetle-impacted stands (Simard et al. 2012) . Regardless, operational fire simulation models are the only way to estimate potential fire behavior. These models are simplifications of complex systems and, thus, have inherent limitations (Cruz and Alexander 2010) . Nevertheless, these models represent the best, currently available science for understanding the effects of fuel modifications on fire behavior. Managers and researchers recognize the limitations of the models but have also gained an understanding of model robustness and are comfortable interpreting simulation output. Simulation models such as FFE-FVS are the best decision support tools for informing managers of the potential consequences of fuelbed changes after natural disturbances (e.g., blowdown and bark beetle infestation) and fuel management operations (fuel treatments and prescribed fire). Physics-based models may eventually address the deficiencies of operational models, but these have had limited field validation , require highly detailed input data, and are computationally intensive. Our use of FFE-FVS was intended to show the potential fire behavior consequences in beetle-infested stands, contrasting differences among undisturbed ponderosa pine stands and old-stage stands with varying outbreak severities. We advise the reader to consider relative, rather than absolute, differences in simulated fire behavior as a function of beetle-caused mortality levels.
Postoutbreak, postfire empirical data are best suited for assessing bark beetle-related effects on fire severity. Such data have been collected for red-and gray-stage, but not old-stage, lodgepole pine type in the northern US Rocky Mountains (Harvey et al. 2014) . Weather and topography were found to be the most important factors explaining fire severity (defined with field measures such as char height and bole scorch), whereas bark beetle outbreak severity was not correlated with most fire severity metrics, especially under moderate fire weather conditions. Under extreme weather conditions, graystage stands (most beetle-infested snags still standing) did indicate a positive, significant correlation between outbreak severity and fire severity for four of eight fire severity metrics (Harvey et al. 2014) . The effect of gray-and old-stage infested lodgepole pine stands on fire occurrence was investigated after the 1988 Yellowstone National Park wildfires (Lynch et al. 2006) . Although weather and aspect were found to be the primary factors driving the burn pattern, old-stage stands were found to be 11% more likely to burn than uninfested stands; gray-stage stands were not correlated with the burn pattern. That is, old-stage fuel profiles significantly influenced fire behavior but not to a substantial degree.
Snagfall Rates
We found that the median interval from infestation to snagfall was 10 years. 3 The interval was dependent on diameter with larger trees remaining standing for longer intervals (Figure 8 ), presumably because of additional decay-resistant heartwood (Chambers and Mast 2014) . The infested pines in our plots were killed by Dendroctonus species between 1991 and 1997 and ϳ5% of 343 infested trees remained standing in 2012; most of these were Ͼ50 cm dbh. In comparison, Hoffman et al. (2012) reported that 48% of bark beetle-infested ponderosa pine had fallen by 5 years postoutbreak in an Arizona study, although the majority of the trees were killed by Ips species, which often attack smaller diameter trees. Elsewhere in Arizona, Chambers and Mast (2014) found that 99% of Ips-infested pines remained standing after 3 years, but ϳ80% had fallen by 7 years after infestation with smaller diameter trees among the factors affecting snagfall rate. Our results are similar to results of other studies that examined snagfall rates of ponderosa pine killed by Dendroctonus species, including in Colorado (Schmid et al. 1985) , northeast California (Landram et al. 2002) , and northern California and southern Oregon (Keen 1955) . In general, the snagfall rate is negligible the first 5 years and then rapid 5-15 years postoutbreak with slower rates in larger trees.
Summary
We found that bark beetle infestations in old-stage ponderosa pine plots modified stand structure similar to previous descriptions for ponderosa and lodgepole pine (Hansen 2014) . Pine BA, QMD, and CBD were reduced, reflecting the loss of large-diameter host trees. CBH was lower among infested plots after the loss of large host trees combined with recruitment of seedlings and growth of surviving secondary stand structure. Likewise, surface fuel loads were modified in ways previously described or proposed for old-stage lodgepole pine stands (Page and Jenkins 2007b , Jenkins et al. 2008 , Simard et al. 2011 , Hicke et al. 2012 . Woody fuel loads were greatly increased, especially in the 1,000-hour class, whereas litter loads were reduced due to decomposition of needles from the killed trees combined with reduced litterfall from the surviving secondary stand structure.
These beetle-caused changes in the fuel profile of old-stage ponderosa pine affected many aspects of FFE-FVS simulated fire behavior similar to that described for old-stage lodgepole pine (Page and Jenkins 2007a , Jenkins et al. 2008 , Simard et al. 2011 , Hicke et al. 2012 . Surface flame length (using custom fuel models), torching potential, and rate of spread were all increased as a function of infestation severity, whereas the probability of active crown fire was decreased. In contrast with two previous lodgepole pine studies Jenkins 2007a, Schoennagel et al. 2012) , however, our simulations in old-stage ponderosa pine predict declining heat release with increasing infestation severity (using dynamically selected, but not custom, fuel models). Fire behavior models based on Rothermel's equations, including FFE-FVS, exclude 1,000-hour fuels, which will greatly influence total energy released by combustion. Excluding or including this fuel type can significantly influence predictions of torching potential, depending on whether the surface fire is of sufficient duration to ignite these fuels. Conflicting simulation results suggest opportunities for further research and development of fire behavior models appropriate for beetle-influenced stands. Such models need to address the heightened flammability and ignitibility of red-stage stands, the spatial and temporal variability of bark beetle-influenced fuels, and the contribution of 1,000-hour fuels to fire spread and torching.
Although the relative influence of bark beetle-caused tree mortality on fuel characteristics of old-stage stands may be less important than other factors affecting fire behavior and occurrence such as past disturbance, stand structure, topography, weather, and vegetation type (Hicke et al. 2012 , Harvey et al. 2014 , our data show that the impacts are significant. We expect that old-stage ponderosa pine stands will burn differently than uninfested stands with some fire behavior parameters becoming more severe due to heightened within-canopy wind speeds, lowered CBHs, and heavy loads of downed woody material. We expect other types of fire behavior to be moderated due to reduced litter loads, lowered CBD, and widened canopy gaps. Spatiotemporal variability of tree mortality due to bark beetles, which can be substantial even at the substand scale, should be considered when assessing potential modifications to fuel complexes and fire behavior. Because bark beetle-killed tree density (i.e., infested trees per unit area) decreases with increasing spatial scales, for example, the influence of bark beetles on fuels and fire behavior at the landscape scale should decline relative to effects at the stand scale. (7) 24.7 (10.0) 48.5 (11.6) 10.6 (19.4) 2.7 (1.6) 72. 2 (35.5) Values are means (SD); 2012 conditions. All BA values only include live stems. a Nonpine species were white fir, subalpine fir, Douglas-fir, blue spruce, quaking aspen, juniper, and gambel oak. b Surface fuels include litter, duff, and all downed woody materials.
Appendices Appendix A: Site Characteristics
Appendix B: Fuelbed Model Results and Parameter Estimates and Fit
Note: all models are log scale. Live tree density Ն7.6 cm dbh: 2012 (ha Ϫ1 ); significant bark beetle-related fixed-effect test statistic: F 1, 290.9 ϭ 33.76, P Ͻ 0.0001. Litter mass: 2012 (Mg ha Ϫ1 ); significant bark beetle-related fixed-effect test statistic: F 1, 306.6 ϭ 6.14, P ϭ 0.0137. Dynamically-selected fuel models: total flame lengths (m); significant bark beetle-related fixed-effect test statistic: F 1, 303.5 ϭ 4.21, P ϭ 0.0411. 
Appendix D
Covariate medians, from 321 field plots, used in equations from Appendices B and C to produce 
